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DPH anisotropyIn this study, we have examined the membrane properties and sterol interactions of phosphatidyl alcohols
varying in the size of the alcohol head group coupled to the sn-3-linked phosphate. Phosphatidyl alcohols of
interest were dipalmitoyl derivatives with methanol (DPPMe), ethanol (DPPEt), propanol (DPPPr), or
butanol (DPPBu) head groups. The Phosphatidyl alcohols are biologically relevant, because they can be
formed in membranes by the phospholipase D reaction in the presence of alcohol. The melting behavior of
pure phosphatidyl alcohols and mixtures with 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) or
cholesterol was assessed using high sensitivity differential scanning calorimetry (DSC). DPPMe had the
highest melting temperature (∼49 °C), whereas the other phosphatidyl alcohols had similar melting
temperatures as DPPC (∼40–41 °C). All phosphatidyl alcohols, except DPPMe, also showed good miscibility
with DPPC. The effects of cholesterol on the melting behavior and membrane order in multilamellar bilayer
vesicles were assessed using steady-state anisotropy of 1,6-diphenyl-1,3,5-hexatriene (DPH) and DSC. The
ordering effect of cholesterol in the ﬂuid phase was lower for all phosphatidyl alcohols as compared to DPPC
and decreased with increasing head group size. The formation of ordered domains containing the
phosphatidyl alcohols in complex bilayer membranes was determined using ﬂuorescence quenching of DPH
or the sterol analogue cholesta-5,7,(11)-trien-3-beta-ol (CTL). The phosphatidyl alcohols did not appear to
form sterol-enriched ordered domains, whereas DPPMe, DPPEt appeared to form ordered domains in the
temperature window examined (10–50 °C). The partitioning of CTL into bilayer membranes containing
phosphatidyl alcohols was to a small extent increased for DPPMe and DPPEt, but in general, sterol
interactions were weak or unfavorable for the phosphatidyl alcohols. Our results show that the biophysical
and sterol interacting properties of phosphatidyl alcohols, having identical acyl chain structures, are
markedly dependent on the size of the head group.yl)-sn-glycero-3-phosphocho-
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Phosphatidyl alcohols are anionic lipids, which can be formed by the
action of phospholipase D on phospholipids in the presence of primary
alcohols. Signiﬁcant amounts of phosphatidyl ethanol have been shown
to be formed inmice cells after ethanol exposure [1] and are also formed
in chronic alcoholics [2,3]. Phosphatidyl ethanol has been shown to
accumulate in lipoproteins [4,5] and affect the net charge of thelipoprotein particle [6]. It has been postulated that phosphatidyletha-
nol-enrichedHDL even could inﬂuence theprogression of atherogenesis
[7]. Phosphatidyl ethanol and phosphatidyl butanol have also been
reported to be formed in HeLa cells and A431 cells in response to
epidermal growth factor [8]. Phosphatidyl alcohols are normally
physiologically scarce, but when formed, they can affect physical
properties of biological membranes [6,9,10]. However, the mechanism
of interaction at the molecular level is still poorly understood.
The small and anionic head group of phosphatidyl alcohols has
large effects on their membrane properties. Phosphatidyl alcohols are
highly potent promoters of membrane curvature [11], and their
transbilayer movement is three times higher than any naturally
occurring phospholipid at physiological pH [12]. NMR studies have
proposed that increasing the size of the phosphatidyl alcohol head
group leads to a more perpendicular orientation of the head group
relative to bilayer surface [13]. It has also been shown that
phosphatidyl ethanol induces an increase in the ﬂuidity of artiﬁcial
and natural bilayers [14]. Moreover, the properties of the acyl chains
have also been shown to be affected by the phosphatidyl alcohol head
Fig. 1. Chemical structures of DPPA, DPPMe, DPPEt, DPPBu, DPPPr, and DPPC.
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interdigitation in Tris–HCl buffer but not in water and that ethanol
enhanced the formation of the interdigitated gel phase [15]. In
addition, monolayer studies have shown that the phosphatidyl
alcohols will have the same area irrespective of the head group size
at high pressure, but at low pressure, the head group area depends on
head group size [13].
Biological membranes have important roles in maintaining normal
cell functions and are considered to be complex mixtures of lipids and
proteins, functioning in a very coordinated manner. The exoplasmic
and cytoplasmic leaﬂets of cell membranes have heterogeneous lipid
distributions [16]. Lipid heterogeneities can also be found in the
lateral plane of each leaﬂet. General conclusions regarding these
lateral membrane heterogeneities converge at the existence of nano-
sized domains (membrane rafts), which are believed to contain
certain proteins and to be enriched in sphingolipids and sterols [17].
Alterations in the composition of cell membranes or in the surround-
ing environment have noticeable effects on the biological and
biophysical characteristics of membrane functions. It is not known
how phosphatidyl alcohols may affect the lateral distribution of other
lipids.
In the present investigation, we studied the biophysical properties
of four phosphatidyl alcohols in model membrane systems. The
molecules were 1,2-dipalmitoyl-sn-glycero-3-phosphomethanol
(DPPMe), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanol (DPPEt),
1,2-dipalmitoyl-sn-glycero-3-phosphopropanol (DPPPr), and 1,2-
dipalmitoyl-sn-glycero-3-phosphobutanol (DPPBu). The membrane
properties and sterol interactions of the phosphatidyl alcohols were
studied in simple and multi-component model systems. The phos-
phatidyl alcohols did not appear to form sterol-enriched ordered
domains, whereas they appeared to form ordered domains poor in or
lacking sterol. The size of the head groups clearly affected membrane
properties and interactions with sterol for the phosphatidyl alcohols,
and we believe the present study to be important in understanding
the membrane properties of phosphatidyl alcohols and also how the
head group of glycerophospholipids affects their physical and
functional membrane properties.
2. Materials and methods
Highly pure 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC), DPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphate (DPPA),
DPPMe, DPPEt, DPPPr, and DPPBu (see Fig. 1 for structures) were
purchased from Avanti Polar Lipids (Alabaster, AL) and were used
without further puriﬁcation. Stock solutions of lipids were prepared in
hexane/2-propanol (3/2, by vol) except for DPPA, which was
dissolved in chloroform. All phospholipid solutions were taken to
ambient temperature before use. The concentration of all the
phospholipid solutions was determined by phosphate assay subse-
quent to total digestion by perchloric acid [18]. Stock solutions of the
phospholipids were stored in the dark at −20 °C.
Cholesterol was from Sigma Chemicals (St. Louis, MO) and was at
least 99% pure. (7-Doxyl)-stearic acid was obtained from TCI (TCI
Europe N.V., Belgium) and was used for the synthesis of 1-palmitoyl-
2-stearoyl-(7-doxyl)-sn-glycero-3-phosphocholine (7SLPC) [19].
Cholestatrienol (cholesta-5,7(11)-trien-3-beta-ol, CTL) was synthe-
sized and puriﬁed as described by Fisher and coworkers [20]. The
identity of CTL was positively veriﬁed by mass spectrometry. 1,6-
Diphenyl-1,3,5-hexatriene (DPH) was purchased from Molecular
Probes (Leiden, the Netherlands). Probes were stored under argon
in the dark at−87 °C until dissolved in argon-purged ethanol (CTL) or
methanol (DPH). The concentration of stock solutions of DPH and CTL
was determined spectrophotometrically using their molar absorption
coefﬁcients (ε) values: 88,000 M−1 cm−1 at 350 nm for DPH [21] and
11250 M−1 cm−1 at 324 nm for CTL [20]. Stock solutions of
ﬂuorescent reporter molecules were stored in the dark at −20 °Cand used within a week. The phosphate-buffered saline (50 mM, pH
7.4 with 140 mM NaCl, PBS) was used as aqueous solvent in all
studies. All other inorganic and organic chemicals used were of the
highest purity available. The solvents used were of spectroscopic
grade. Water was puriﬁed by reverse osmosis followed by passage
through a Millipore UF Plus water puriﬁcation system having ﬁnal
resistivity of 18.2 MΩcm.
2.1. Preparation of vesicles
Lipid vesicles used in the study were prepared to a lipid
concentration of 1.42 mM for DSC studies and 50 µM for ﬂuorimetric
studies. Required amounts of the lipids and probes were mixed, and
the solvents were evaporated under a constant ﬂow of N2 at 35 °C.
When preparing liposomes with mixed lipid compositions, the lipids
were redissolved in dichloromethane to ensure a homogeneous
mixing of the lipids. Once the lipids were thoroughly mixed, the
solventwas redried to yield a lipidﬁlm. After further drying under high
vacuum for at least 3 h at room temperature, the lipid mixtures were
hydrated by adding PBS buffer. The temperature of the PBS buffer was
kept above the gel–liquid–crystalline phase transition temperature
(Tm) of the lipid with the highest melting temperature before addition
to the dry lipid ﬁlm. The lipid suspension was maintained above Tm
during the hydration period of 20 min. Samples were then vortexed to
disperse the lipids in the buffer. Vesicles for DSC studieswere prepared
by bath sonication in a Bransonic 2510 (Branson Ultrasonics, Danbury,
CT) bath sonicator for 15 min at Tm+20 °C. For ﬂuorescence
measurements, multilamellar vesicles were prepared by probe
sonication (sonicated for 2 min with 20% duty cycle and 15 W power
output) using a Branson probe soniﬁer (W-450, Branson Ultrasonics).
2.2. Differential scanning calorimetry
DSC measurements were performed on a Calorimetry Sciences
Cooperation Nano II DSC (Provo, UT). The software used for analysis of
the DSC data was CpCalc (CSC, Provo, UT) and Origin 7 (Microcal,
Northampton, MA). The lipid compositions studied were pure
phosphatidyl alcohols, phosphatidyl alcohol:DPPC (1:1, molar ratio),
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cell of the calorimeter was ﬁlled with 0.4 ml of lipid suspension,
whereas the reference cell was ﬁlled with PBS buffer. At least two
consecutive heating and cooling scans from 0 to 80 °Cwere performed
with a scan rate of 1 °C/min. We observed the repeated heating (and
cooling) thermograms to be essentially identical in shape. Thermo-
grams shown in the ﬁgures are second heating scans.
2.3. Fluorescence quenching measurements
In order to follow the formation and melting of ordered domains,
the steady-state quenching of CTL or DPH by the quencher 7SLPC was
measured on a PTI Quanta-Master spectroﬂuorimeter (Photon
Technology International, Lawrenceville, NJ) operating in the L-format
[22]. The excitation and the emission slits were set to 5 nm, and the
temperature was controlled by a Peltier element with a temperature
probe immersed in the sample solution. The sampleswere heated from
8 to 80 °C at a rate of 5 °C/min. Themeasurementswere done in quartz
cuvettes with a light path length of 1 cm, and the sample solutions
were kept at a constant stirring (350 rpm) throughout the ﬂuores-
cence measurement. Fluorescence intensity of CTL was detected with
excitation and emissionwavelengths at 324 and 374 nm, and DPHwas
detected with excitation and emission wavelengths at 360 and
430 nm, respectively. The ﬂuorescent probes were protected from
light during all the steps of experiments. Fluorescence emission
intensity was measured in the F sample (quenched) consisting of
POPC/7SLPC/phosphatidyl alcohol/cholesterol, (30:30:30:10, molar
ratio) and in the Fo sample (non-quenched), in which 7SLPC had been
replaced with POPC. The ﬂuorescence intensity in the F sample was
divided by the ﬂuorescence intensity of the Fo sample giving the
fraction of non-quenched CTL ﬂuorescence plotted versus the
temperature. CTL replaced 1 mol% of cholesterol, and 1 mol% of DPH
was added to the lipid solution.
2.4. Determination of steady-state ﬂuorescence anisotropy
The steady-state ﬂuorescence anisotropy of DPHwas measured on
a PTI Quanta-Master 1 spectroﬂuorimeter operating in the T-format,
essentially following the procedure described in [23]. Brieﬂy, the
compositions of the vesicles studied were phosphatidyl alcohol and
cholesterol with a varying cholesterol concentration of 0, 10, 20, and
30 mol% using 1 mol% of DPH. The wave lengths of excitation and
emission of DPH were 360 and 430 nm, respectively. The steady-state
anisotropy was calculated as described in Ref. [24].
2.5. Sterol partitioning into membrane bilayers
The distribution of CTL betweenmβCD (Sigma Chemicals, St. Louis,
MO) and extruded large unilamellar phospholipid vesicles was
determined as described in [25], a method signiﬁcantly modiﬁed
from the procedure reported by Niu and Litman [26]. The assay yields
the molar fraction partition coefﬁcient, Kx, for CTL. A high Kx indicates
a higher afﬁnity of CTL for the bilayer as compared with mβCD.
3. Results
3.1. Thermotropic properties of pure phosphatidyl alcohols
Thermotropic properties of pure phospholipids were studied using
DSC (Fig. 2A and Table 1). Fig. 2A shows heating thermograms of one
component multilamellar vesicles composed of phospholipids with
different head groups. DSC studies showed that the physical
properties of these phospholipids varied with their head group size,
as reported previously for other membrane lipids [13,27]. The main
phase transitions for DPPA, DPPMe, DPPEt, DPPPr, DPPBu, and DPPC
are listed in Table 1. An increase in the head group size led to adecrease in Tm of the phospholipids from DPPA to DPPEt (from 65.6 to
39.9 °C), and the Tm was similar for DPPPr, DPPBu, and DPPC. The
enthalpy value increased with head group size from DPPA to DPPEt
(from 5.2 to 14.9 kcal/mol). For DPPPr, DPPBu, and DPPC, the enthalpy
varied between 11.2 and 12.9 kcal/mol (Table 1). The measured
enthalpies more or less followed a reverse trend as compared to the
Tm as the size of the head group increased.
The cooperativity of the main transition was affected by the size of
the phosphoalcohol head group. Lipid melting is cooperative in
nature, and cooperativity roughly gives an estimate of the number of
molecules simultaneously involved in the gel to liquid–crystalline
phase transition [28]. Cooperativity can be inferred from the full peak
width at half maximum of Tm (ΔT1/2). For the phosphatidyl alcohols,
DPPMe clearly differed from other phosphatidyl alcohols in having a
markedly larger ΔT1/2 and thus a less cooperative transition, the
transition of DPPMe was more similar to the transition of DPPA. DPPC
and the phosphatidyl alcohols DPPEt, DPPPr, and DPPBu showed a
comparable sharp transition and high cooperativity. The observed
pretransition for DPPC at 35.3 °C is in good agreement with previous
studies [29,30], and interestingly, DPPEt was the only phosphatidyl
alcohol to display a pretransition (22.4 °C).3.2. Thermotropic properties of equimolar mixtures of phosphatidyl
alcohols and DPPC
To look at the miscibility between DPPC and each of phosphatidyl
alcohols, we performed calorimetric studies on equimolar mixtures of
the phosphatidyl alcohols with DPPC (Fig. 2B and Table 1). In Fig. 2B,
representative thermograms recorded by DSC for these compositions
are shown. Excluding DPPEt, the Tm of all phosphatidyl alcohols
decreased when mixed with DPPC. DPPEt, DPPPr, and DPPBu showed
good miscibility with DPPC (sharp transition), whereas DPPMe
showed poor miscibility with DPPC. The DPPMe:DPPC peak could be
deconvoluted into two components. It appeared that the pretransition
peak of DPPEt was moved to a higher temperature in binary mixture
with DPPC, although the true identity of the small transition remains
unclear. The enthalpy values for DPPA, DPPMe, and DPPEt increased
slightly, while a decrease in enthalpy was observed in for DPPPr,
DPPBu in the equimolar mixtures with DPPC (Table 1).3.3. Thermotropic properties of phosphatidyl alcohols and cholesterol
Cholesterol is considered to regulate the physical properties and
lateral organization of lipids in the plasma membrane. It has been
extensively reported that cholesterol eliminates the transition from
gel to liquid–crystalline phase of lipids with a decrease in enthalpy
and the cooperativity of the transition [31]. Cholesterol (10 mol%) has
been found to completely diminish the pretransition of DPPC [32] as
well as for sphingomyelin containing bilayers [33], while higher
concentrations were required to abolish the main transition. We
determined the thermotropic properties of phosphatidyl alcohols
with 10 mol% cholesterol using DSC (Fig. 2C and Table 1). The DSC
data show that 10 mol% cholesterol effectively reduced the enthalpy
values as compared to the pure phosphatidyl alcohols. Cholesterol
broadened the main transition for all phosphatidyl alcohols and with
DPPMe cholesterol even seemed to form a cholesterol-rich and a
cholesterol-poor component. Contrary to previous observations of
cholesterol effects on pretransitions of phosphatidylcholines [34] and
sphingomyelins [33], the pretransition of DPPEt remained unaffected
at 10 mol% of cholesterol. Our observation that cholesterol reduced
the enthalpy values of the phosphatidyl alcohols bilayers correlated
well with previous studies on the thermotropic effects of cholesterol
on other phospholipid classes such as phosphatidylcholines and
sphingomyelins [35,36].
Fig. 2. Representative DSC heating thermograms of pure phospholipids (A), phospholipid:DPPC (1:1 molar ratio; B), and phospholipid:cholesterol (9:1 molar ratio; C). The samples
were heated at a rate of 1 °C/min. Thermograms shown are second heating scans.
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Table 1
Thermotropic parameters of phospholipid bilayers containing pure phosphatidyl alcohols and controls, equimolar mixtures of phosphatidyl alcohol with DPPC (1:1 bymol, indicated
below as 50 mol% PC) or control with DPPC (the DPPC control is 100% DPPC), and mixtures with cholesterol (9:1 by mol) obtained with DSC. Tm, enthalpy (ΔH), and peak widths at
half-height (ΔT1/2) are given for all systems examined. The highest temperature peak of the DSC scan corresponds to the gel to liquid–crystalline phase transition, and ΔH represents
the sum of enthalpy of the pretransition as well as the main transition.
Pretransition (°C) Main Transition (°C) ΔH (kcal/mol ΔT1/2 (°C)
Pure 10% chol Pure 50% PC 10% chol Pure 50% PC 10% chol Pure 50% PC 10% chol
DPPC 35.3 – 41.2 41.2 40.4 11.2 11.2 5.9 0.7 0.7 0.8
DPPA – – 65.6 51.5 59.0 5.4 6.2 2.6 1.6 5.4 7.1
DPPMe – – 49.3 44.8 45.8 11.5 13.0 6.5 3.8 5.4 2.5
DPPEt 22.4 22.4 39.9 41.0 38.3 14.9 13.7 7.9 0.9 1.0 1.0
DPPPr – – 41.6 38.7 39.4 12.9 11.2 9.6 0.9 0.6 2.3
DPPBu – – 41.1 37.5 39.2 12.9 11.8 10.9 0.8 1.1 2.2
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DPH is a hydrophobic reporter molecule, positioned in the acyl
chain region of the bilayer. The DPH molecule is sensitive to the
packing properties in hydrophobic core and the anisotropy of DPH
thus reports on the order of the acyl chains [37]. The Tm:s as reported
by the anisotropy of DPH were found to be in good agreement with
the Tm:s obtained using DSC. For the phosphatidyl alcohols, the
steady-state anisotropy values for DPH decreased with increasing
head group size. Even though the larger head groups did not affect
the Tm to any major extent, a small effect was seen on the membrane
order both in the ﬂuid and the gel phase. DPPA clearly differed from
the other phospholipids by having a higher degree of order in the
ﬂuid phase. We also determined the anisotropy of DPH as a function
of increasing levels of cholesterol (0, 10, 20, and 30 mol%
cholesterol; Fig. 3). Below the Tm (in the gel phase), cholesterol
had a disordering effect on the acyl chains of all phosphatidyl
alcohols examined, which was different from gel phase DPPC where
DPH did not report a change in anisotropy as the concentration of
cholesterol increased. Above Tm, cholesterol had an ordering effect
on the acyl chains of all phospholipids, but the size of the
phosphoalcohol head group affected the magnitude of the ordering
effect on cholesterol. As the head group size increased, the ordering
effect of cholesterol decreased. This observation most likely reﬂects
the less favorable interaction of cholesterol with the larger
phosphoalcohol head group analogues.3.5. Formation of ordered domains observed with ﬂuorescence
quenching of CTL and DPH
We used CTL as ﬂuorescent probe to study the formation and
thermal stability of sterol containing ordered domains formed by the
phosphatidyl alcohols in complex lipid bilayers (Fig. 4A). CTL has been
found tomimic themembrane behavior of cholesterol and can thus be
used as a ﬂuorescent cholesterol analogue in model membranes
[20,38]. Themelting of ordered domains can be observed as a decrease
in the F/F0 ratio as seen for DPPC in Fig. 4 [39]. None of the
phosphatidyl alcohols formed cholesterol containing domains, since
all phosphatidyl alcohol-containing systems had ﬂat F/F0 function.
To study whether ordered domains, not necessarily containing
sterol, were formed, we examined the ﬂuorescence quenching of DPH
(Fig. 4B). Using DPH, which partitions more equally between ordered
and ﬂuid phases [40], ordered domains could be detected. The
ﬂuorescence quenching of DPH showed that DPPMe and DPPEt
formed ordered domains, which were completely melted at about 23
and 20 °C, respectively. In agreement with previous studies, DPPC
formed ordered domains that were completely melted at about 30 °C.
A possible formation of ordered domains for the other phosphatidyl
alcohols could not be detected in the temperature range examined.3.6. Partitioning of CTL between mβCD and bilayers containing
phosphatidyl alcohols
To study the afﬁnity of CTL to bilayer membranes containing
20 mol% of phosphatidyl alcohols in a POPC matrix, a partitioning
assay was used. In the assay, the partitioning coefﬁcient (Kx) of CTL
between mβCD and unilamellar vesicles was determined. A high Kx
indicates that CTL favored the bilayer over the mβCD. As shown in
Fig. 5, a bilayer membrane containing 20 mol% DPPC in POPC gave a
much higher Kx for CTL as compared to the pure POPC bilayer (Fig. 5, at
23 °C). At 37 °C, the difference in Kx for POPC or POPC/DPPC bilayers
was much smaller, but still evident (data not shown). With DPPMe or
DPPEt a very slight increase in Kx could be seen at 23 °C, but with
DPPPr and DPPBu, no change in CTL Kx was seen, suggesting that the
interaction of CTL with the phosphatidyl alcohols was generally weak.
These results are in good agreement with the CTL domain quenching
data presented in Fig. 4A.
4. Discussion
In this study, we have examined how the head group sizes of
saturated phosphatidyl alcohols affect their membrane properties,
especially with regard to their ordered domain forming properties
and to their interactions with sterols. The study was undertaken
because phosphatidyl ethanol is a physiologically relevantmolecule in
membranes of at least red blood cells [2,3] and lipoproteins [4,5,7] and
is likely to affect membrane properties and function in cell
membranes and lipoproteins. There are very few studies in which
the membrane properties of phosphatidyl alcohols have been
elucidated and only one systematic study in which the head group
size of phosphatidyl alcohols have been studied [13].
At neutral pH, the phosphatidyl alcohols all have a negative charge
in head group region [9], possibly leading to electrostatic repulsion
between the head groups. Because of its pKa of about 8 [41], DPPA is
likely to be present both as single and double negatively charged
species. The high Tm of DPPA could be a result of the small head group
allowing close molecular contact and the formation of hydrogen
bonds in the head group region, where hydrogen bond donating and
accepting groups are present [15,42]. Of the phosphatidyl alcohols
DPPMe had the highest Tm (49.3 °C), whereas all the longer
phosphatidyl alcohols had Tm:s similar to DPPC (40–41 °C). The
alcohol head groups cannot contribute to hydrogen bonding in the
head group region excluding attractive interactions as a reason for the
higher Tm of DPPMe. Instead the very small head group of DPPMe
could enable a close contact between the acyl chains and thus increase
intermolecular interactions. The size of the head group of DPPEt and
the longer phosphatidyl alcohols did not affect the Tm to any major
extent. It is likely that the orientation of the head groups of DPPEt,
DPPPr, and DPPBu were oriented along the bilayer normal and thus
did not markedly interfere with lateral packing of the hydrophobic
Fig. 3. Steady-state anisotropy of DPH in phospholipid bilayers as a function of temperature. Experiments were performed in bilayer vesicles containing DPPC, DPPMe, DPPEt, DPPPr,
and DPPBu with an increasing amount of cholesterol (0–30 mol%). The scan rate was 5 °C/min with a lipid concentration of 50 µM and 1 mol% of DPH. The graphs shown are
representative of reproducible experiments.
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lack of effect of the increased head group size on the measured Tm.
DPPEt differed from the other phosphatidyl alcohols by having a
pretransition at 22.4 °C. In DPPC, the pretransition has been shown to
depend on the large phosphocholine head group, which is believed to
induce a molecular tilt and lead to a ripple phase formation [43]. In
DPPEt, it is unclear whether the low enthalpy pretransition is caused
by the head group or by other molecular properties. DPPEt has been
shown not to form an interdigitated gel phase in water unless the
head group binds Tris and thus is assumed to obtain an increased
molecular area in the head group region [9,44]. Under the experi-
mental conditions of the present study, interdigitation by DPPEt
should not be favored. While the DPPC pretransition is abolished by
5–6 mol% cholesterol [45], the inclusion of 10 mol% cholesterol did
not markedly affect the DPPEt pretransition. The DPPEt pretransition
was also not abolished by 50 mol% DPPC. Since the DPPC pretransition
is absent in 1:1 binary mixed bilayers of DPPC and, e.g., palmitoyl SM
[46], it is less likely that the pretransition observed for DPPEt (1:1
DPPEt:DPPC mixed bilayers, Fig. 2) is mechanistically related to the
pretransition seen for DPPC (i.e., caused by a ripple phase).
The effect of head group size on miscibility (deduced from the
cooperativity of the main transition in mixed bilayers) of phospha-
tidyl alcohols with DPPC was studied with DSC. The cooperativity of
the main transition was lowest for DPPMe, having the smallest head
group, whereas the cooperativity of the main transition was similar
for DPPEt, DPPPr, and DPPBu. The thermogram for the DPPMe/DPPC
mixture can be deconvoluted to give two components, suggesting
some extent of phase separation and less than ideal miscibility. Non-
ideal miscibility was also seen with DPPA in DPPC. The good
miscibility with DPPC of the larger head group phosphatidyl alcohols
(including DPPEt) suggests that they can mix well in biological
membranes where at least phosphatidyl ethanol can be formed in situ
through the action of phospholipase D [2,3,47].Sterol interactions in two component systems were studied using
DSC and ﬂuorescence spectroscopy (anisotropy of DPH). The sterol-
induced decrease in Tm and enthalpy observed for all molecules
examined was in agreement with previous studies showing that
cholesterol diminishes the main transition of phospholipids
[33,44,48,49]. Interactions between cholesterol and phospholipids
are also affected by the head group structure and the acyl chain
composition of the phospholipids [50]. For DPPMe, 10 mol% choles-
terol seemed to induce phase separation into a sterol-rich and sterol-
poor phase, whereas the other phosphatidyl alcohols only formed one
phase with 10 mol% cholesterol. Compared to DPPC, cholesterol
lowered the bilayer order of all phosphatidyl alcohols in the gel
phase close to the Tm. The DSC data also show a wider and less
cooperate melting behavior. In the ﬂuid phase, sterols have been
shown to increase acyl chain order (more trans and less gauche
conformations) [51]. The ordering effect of cholesterol in the ﬂuid
phase decreased with increasing head group size. In the ﬂuid phase,
the acyl chain movement increases the volume and cross-sectional
area of phospholipids. The ordering effect of cholesterol has an
opposing effect (condensation) and forces the molecules together.
The energetic cost of molecular packing is likely to be larger for longer
hydrophobic head groups as compared to shorter head groups. This
could explain the difference in the ordering effect of cholesterol and
also the small decrease in membrane order observed when the head
group size was increased (Fig. 3).
To study how the head group size affected formation of ordered
domains containing sterol, we utilized a ﬂuorescence quenching assay
using CTL and DPH. When these two probes partition into ordered
phases, they are less susceptible to quenching by 7SLPC, which resides
mostly in the disordered phase [22]. The lateral distribution of CTL
follows that of cholesterol [25], whereas DPH is more evenly
distributed between ordered and disordered phases. However, DPH
is able to enter ordered domains differently as compared to CTL, so
Fig. 4.Melting of ordered domains observed from the ﬂuorescence quenching of CTL or
DPH. CTL was used to study ordered domains containing sterol (panel A), and DPH was
used to study ordered domains in general (panel B; not necessarily containing
cholesterol). The melting proﬁle is shown as the F (quenched)/F0 (non-quenched) ratio
plotted versus temperature. The F-sample consisted of POPC/7SLPC/saturated
phospholipid/cholesterol/CTL (30:30:30:9:1 mol%). In the F0-sample, 7SLPC was
replaced with POPC. When DPH was used as ﬂuorophore, it was added at 1 mol%.
Fig. 5. Partitioning of CTL into bilayers as a function of head group composition. POPC
bilayers with 20 mol% saturated phosphatidyl alcohol or DPPC were prepared. CTL
partitioning between bilayers and mβCD was determined at 23 °C as described in the
experimental section. POPC without saturated phospholipid was deﬁned as the control
system. Each value is the average from two separate experiments±SEM.
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phenomenon relates at least in part to the fact that the sterol needs
to interact with the interface (and is thus affectedmore by head group
effects), whereas DPH resides deep in the hydrophobic core of
membranes and is not so much affected by head group effects [52].
Our CTL quenching results showed that CTL failed to form sterol-
enriched domains with any of the phosphatidyl alcohols within the
temperature window examined (10–50 °C, Fig. 4A). Clear CTL-
enriched domains were formed only with DPPC, and those had
melted already at 30 °C. However, at least DPPMe and DPPEt formed
ordered domains, to some extent, within the examined temperature
window (DPH quenching, Fig. 4B). Even though the acyl chains are
saturated, the molecules failed to form similarly ordered domains as
DPPC could form in the ternary bilayers. In part this can be a result of
signiﬁcant mixing of POPC with the saturated phosphatidyl alcohols,
thus preventing the formation of more ordered domains. The small
head group of the phosphatidyl alcohols is also likely to beunfavorable for interaction with sterols, since it is known that
cholesterol prefers to interact with large head group phospholipids
[53,54]. According to the umbrella model [54], phospholipids with
small head groups cannot efﬁciently shield neighboring sterol
molecules from exposure to water, thus making sterol/phospholipid
interaction less favorable. The alcohol head group also lacks any
functional groups enabling possible direct interactions with the
hydroxyl in cholesterol. In the ternary bilayer system, CTL can choose
to interact with the large head group POPC rather than with the small
head group phosphatidyl alcohols. That would explain why CTL-
enriched ordered domains were not detectable with the quenching
method. It can also be noticed that while the butanol-containing head
group was largest (longest) of the phosphatidyl alcohols tested, the
hydrophobic nature of the distal part of the head group is likely to
impose restrains on its interactions with water and weaken its
capacity to shield neighboring small hydrophobic molecules (e.g.,
sterols) from interactions with water.
The partitioning of CTL between bilayer membranes and cyclo-
dextrin is known to reﬂect the interaction of sterols and phospholi-
pids in the bilayers examined [25]. A high CTL partitioning coefﬁcient
indicates favorable interactions between the sterol and bilayer
phospholipids, whereas a low coefﬁcient indicates less favorable
interactions [25]. We determined the Kx of CTL in binary bilayers
containing POPC as the unsaturated phospholipid and one of the
saturated phosphatidyl alcohols. Pure POPC served as the control
bilayer system. We observed that the Kx of CTL increased dramatically
when 20 mol% DPPC was included in the POPC bilayer (Fig. 5). With
DPPMe or DPPEt, a very slight increase in Kx could be seen at 23 °C, but
with DPPPr and DPPBu, no change in CTL Kx was seen, suggesting that
the interaction of CTL with the phosphatidyl alcohols was generally
weak. These results agree with the CTL domain quenching data
presented in Fig. 4 and show that the phosphatidyl alcohols, despite
their saturated acyl chains, did not interact favorably with sterols.
In conclusion, the results of the present study clearly show that
despite their saturated acyl chains, the small head group phosphatidyl
alcohols did not readily form ordered domains in ﬂuid bilayers at
physiologically relevant temperatures. They also did not favorably
interact with sterols in the bilayers. It is therefore likely that the
enrichment of, e.g., phosphatidyl ethanol in blood cells and lipopro-
teins may severely affect the properties of their local membrane
environments, with marked consequences for lateral cholesterol
distribution and lipid raft formation and function.
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